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0RGLILFDWLRQ RI WKH SODVPD IDFLQJ VXUIDFH RI /+' DQG LWV HIIHFWV RQ WKH UHWHQWLRQ DQG
GHVRUSWLRQRI+HZHUHH[DPLQHGE\H[SRVLQJ/VWDLQOHVVVWHHOFRXSRQVWR/+'SODVPDV,Q
WKHHURVLRQGRPLQDQWDUHDIRUPDWLRQRIGHQVH+HEXEEOHVDQGPL[LQJRIGHSRVLWHGLPSXULWLHV











/DUJH +HOLFDO 'HYLFH /+' DW 1DWLRQDO ,QVWLWXWH IRU )XVLRQ 6FLHQFH 1,)6 LV D
ZRUOGODUJHVW KHOLRWURQW\SH SODVPD FRQILQHPHQWPDFKLQH HTXLSSHGZLWK D VXSHUFRQGXFWLQJ
KHOLFDO FRLO V\VWHP 7KHUHIRUH DFKLHYHPHQW RI VWHDG\VWDWH SODVPD GLVFKDUJH LV RQH RI WKH
KLJKHVWSULRULW\PLVVLRQVRIWKH/+'SURMHFW6WDLQOHVVVWHHODQGLVRWURSLFJUDSKLWHDUHXVHGLQ
/+'IRUWKHILUVWZDOOSURWHFWLRQSODWHVIRUKHOLFDOVXSHUFRQGXFWLQJFRLOVDQGGLYHUWRUSODWHV





DUFLQJ EHWZHHQ WKH SODVPD DQG WKH ZDOO JDV LPSXULW\ HPLVVLRQ DQG H[IROLDWLRQ RI WKH
GHSRVLWHGLPSXULW\OD\HUV>@7HUPLQDWLRQRIORQJSXOVHSODVPDRFFXUVRIWHQQRWRQO\LQ/+'
EXWDOVRLQPDQ\RWKHUPDFKLQHV,QFDVHRI75,$00IRUH[DPSOHZKLFKKDVWKHZRUOG
UHFRUG RI WKH GLVFKDUJH GXUDWLRQ WLPH PRUH WKDQ  KRXUV >@ FRQWURO RI GLVFKDUJH JDV
K\GURJHQGHVRUSWLRQIURPWKHZDOOVXUIDFHVGXHWRJUDGXDOLQFUHDVHRIWKHZDOOWHPSHUDWXUH
ZDV D NH\ IDFWRU WR NHHS GLVFKDUJHV ORQJ >@ /RVV RI WKH SDUWLFOH EDODQFH LV D FRPPRQ
UHDVRQIRUWKHXQH[SHFWHGWHUPLQDWLRQRIORQJSXOVHGLVFKDUJHV 
,QRUGHUWRNHHSWKHSDUWLFOHEDODQFHRQHVKRXOGNQRZLQIOX[DQGRXWIOX[RISODVPDSDUWLFOHV





WR WKH WKUHHGLPHQVLRQDO KHOLFDO FRQILJXUDWLRQ )RU H[DPSOH WKLFNQHVV DQG PLFURVFRSLF
VWUXFWXUH RI LPSXULW\ GHSRVLWLRQ RQ WKH SODVPDIDFLQJ VXUIDFHV KDYH VWURQJ SRORLGDO DQG
WRURLGDOGHSHQGHQFH>@0RGLILFDWLRQRIGLYHUWRUVXUIDFHLVDOVRYHU\LQKRPRJHQHRXV>@ 
2QH VKRXOG NQRZ WKH GHWDLOV RI WKH WKHUPDO EHKDYLRU RI WKH GLVFKDUJH JDV LQ WKH













   6LQFH WKH /+' FDPSDLJQ &\FOH  GHQRWH DV & LQ  VHYHUDO VHWV RI PHWDOOLF
FRXSRQVKDYHEHHQUHJXODUO\SODFHGIRU3:,VWXG\RQWKHVXUIDFHRIWKHLQQHUZDOOQHDU,DQG
,SRUWV7KHSRVLWLRQVRIWKHFRXSRQVQHDU,SRUWDUHVKRZQLQ)LJE\QXPEHULQJLQWKH
ILJXUH ,Q WKH SUHVHQW ZRUN WKH FRXSRQV RI / VWDLQOHVV VWHHO /66PDWHULDO RI WKH
SODVPD IDFLQJZDOORI/+'DQG WKRVHRI:ZHUHXVHG7KH:FRXSRQVZHUHHPSOR\HG WR
REVHUYHGHSRVLWLRQRI LPSXULWLHV LQFOXGLQJFRQVWLWXHQWHOHPHQWVRI/66)H&UDQG1L
%HFDXVHWKHLQQHUZDOORI/+'LVFORVHWRWKHPDLQSODVPDDQGWKHGLYHUWRUPDGHRILVRWURSLF
JUDSKLWH LV QRW VR IDU DZD\3:, LQ WKLV DUHD VHHPV VWURQJHU WKDQ WKDW DW WKH RXWHUZDOO LQ
JHQHUDO 6XUIDFHPRGLILFDWLRQ RI WKH RXWHUZDOO KDV EHHQ UHSRUWHG DOUHDG\ >@ ,Q/+'+H







WHPSHUDWXUH RI WKH LQQHU ZDOO PHDVXUHG IURP WKH EDFNVLGH XVLQJ D WKHUPRFRXSOH FKDQJHG
IURP.WR±.XQGHUORQJSXOH+HGLVFKDUJH>@  
  ,Q HDFK H[SHULPHQWDO FDPSDLJQ WKH FRXSRQVZHUH VHW EHIRUH VWDUWLQJ DQG WDNHQ RXW DIWHU
ILQLVKLQJ0LFURVWUXFWXUH DQGPRUSKRORJ\ RI SODVPDH[SRVHG VXUIDFHV RI WKH FRXSRQVZHUH
H[DPLQHG E\ PHDQV RI WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0 DQG VFDQQLQJ HOHFWURQ









)LJ  6RPH FRXSRQV
GLVFRORUHGUHPDUNDEO\EXW





WKH HURVLRQ UDWH SRVLWLRQ
 ZKLOH RQ WKH PHWDOOLF








'' DUHD DQG HURVLRQ
GRPLQDQWDUHD('DUHD  







   )LJVKRZVW\SLFDO7(0LPDJHVRIWKHPLFURVWUXFWXUHIRUPHGLQWKHQHDUVXUIDFHUHJLRQ
RIWKH/66FRXSRQVSODFHGDW,SRVLWLRQGXULQJWKH&1DPHRIWKHFRXSRQVLVQRWHG
DV&,66KHUHDIWHU0LFURJUDSKVDDQGEDUHWKHWRSYLHZRIWKHSUHWKLQQHGFRXSRQ
DERXW  QPWKLFN DQG WKH FURVVVHFWLRQDO YLHZ UHVSHFWLYHO\ 0LFURVSHFLPHQV IRU WKH
FURVVVHFWLRQDOREVHUYDWLRQZHUHPDQXIDFWXUHGE\XVLQJDIRFXVHGLRQEHDP),%PDFKLQLQJ
$VFDQEHVHHQLQ)LJDYHU\GHQVHZKLWHGRWLPDJHVZKLFKDUH+HEXEEOHVLQQDQRVL]H
>±@ ZHUH REVHUYHG QHDU WKH SODVPDIDFLQJ VXUIDFH /DUJH ZKLWH LPDJHV RI  QP LQ
GLDPHWHUDUHZHOOJURZQ+HEXEEOHVDQGRUGLPSOHVIRUPHGE\WKHH[IROLDWLRQRIQDQREOLVWHUV
'LVORFDWLRQORRSVZLWKEODFNLPDJHVZHUHDOVRIRUPHGGHQVHO\7KHFURVVVHFWLRQDOYLHZ)LJ





7KH SODVPDIDFLQJ VXUIDFH RI WKH FRXSRQ &,66 ORFDWHG RQ WKH '' DUHD LV
FKDUDFWHUL]HG E\ GDUN EURZQ FRORU &URVVVHFWLRQDO 7(0PLFURJUDSKV RI &,66 DUH
VKRZQ LQ )LJ  7KH VXUIDFH LV FRYHUHG E\ DQ LPSXULW\ GHSRVLWLRQ RI DERXW  QP LQ











VXEVWUDWH ZDV KLJKO\ GDPDJHG MXVW DV WKDW LQ WKH (' DUHD ,W VHHPV WKDW WKLV GDPDJH ZDV









IRUPHG PL[HG PDWHULDO DW GHSWKV XS WR  QP 6LPLODU PL[HG OD\HU RI DERXW  QP LQ
WKLFNQHVVZDVIRUPHGLQ&,: 
7KH SODVPDIDFLQJ VXUIDFH RI &,: ORFDWHG DW '' DUHD LV FRYHUHG E\ D WKLFN &
GRPLQDQW OD\HU DV VKRZQ LQ )LJ  F &RQWHQW RIPHWDOOLF LPSXULWLHV LV YHU\ VPDOO ;36











㻌  'HSWKSURILOHVRI+HLQ/66FRXSRQVZHUHH[DPLQHGE\PHDQVRI*'2(6)RU WKLV
DQDO\VLV1HSODVPDZDVXVHGWRJHWKLJKHUVHQVLWLYLW\IRU+H>@<LHOGVRIHDFKHOHPHQWLQ
&,66 &,66 DQG &,66 DUH SORWWHG LQ )LJ  DJDLQVW VSXWWHULQJ WLPH
'LDPHWHU RI WKH DQRGH XVHG LQ WKHVHPHDVXUHPHQWV LV PP6SXWWHULQJ UDWH RI /66 LV
DERXWQPV 
  ,Q FDVH RI WKH (' DUHD &,66 DQG&,66 LQWHQVLW\ RI+H VLJQDO LQFUHDVHV
DEUXSWO\XSWRDERXWDQGWKHQGHFUHDVHVH[SRQHQWLDOO\ZLWKLQFUHDVLQJVSXWWHULQJWLPHDQG
NHHSVFRQVWDQWDERYHV-XGJLQJIURPWKH\LHOGDVVLJQHGWR+HLQWKHGHHSHUDUHDZKHUHQR



















VXUIDFH LVDERXWEXW LW LQFUHDVHVZLWK LQFUHDVLQJVSXWWHULQJ WLPH LQSURSRUWLRQDO WR WKH




    
7KHUPDOGHVRUSWLRQRIUHWDLQHG+H 
   5HWHQWLRQDQGGHVRUSWLRQRI+HLQWKHSURWHFWLRQSODWHVDUHYHU\LPSRUWDQWWRXQGHUVWDQG
)LJ 5HVXOWV RI WKH*'2(6DQDO\VHV RI WKH/66FRXSRQVSODFHGRQ WKH('
DUHDDEDQGWKH''DUHDFDQGH[SRVHGWRWKH/+'SODVPDVGXULQJWKHFDPSDLJQ







GHVRUSWLRQ RI +H IURP WKH /66 FRXSRQV H[SRVHG WR /+' SODVPDV &,66 DQG
&,66 ZHUH PHDVXUHG ,Q RUGHU WR XQGHUVWDQG WKH UHSHWLWLRQ HIIHFWV RI SODVPD




%HUQDUG HW DO RQ +HSODVPD LUUDGLDWLRQ HIIHFWV LQ /+' >@ LW LV H[SHFWHG WKDW QRW RQO\
GDPDJH EXW DOVR +H UHWHQWLRQ LQ WKH SODVPDH[SRVHG FRXSRQV KDYH DOUHDG\ UHDFKHG WKH
VDWXUDWLRQOHYHO,Q)LJ7'6VSHFWUDRI+HIURPWKHFRXSRQVPHQWLRQHGDERYHDUHSORWWHG
5DPSLQJUDWHRIWKHWHPSHUDWXUHLV.V7KHDPRXQWRIGHVRUEHG+HIURPHDFKFRXSRQV
DUH VXPPDUL]HG LQ WDEOH  ,W LV QRWDEOH WKDW WKH WRWDO UHWHQWLRQ RI +H LQ &,66 LV
î+HPZKLFKLVRQO\RIWKHVDWXUDWLRQOHYHOZLWKNH9+HLRQLUUDGLDWLRQ,W




































+H LRQV LV WKH ODFN RI WZR GHVRUSWLRQ SURFHVVHV GHVRUSWLRQ EHORZ  . DQG ODUJH
FRQWLQXRXV GHVRUSWLRQ XS WR  . 7KH IRUPHU LQGLFDWHV WKDW ZHDNO\ WUDSSHG +H ZKLFK
FRQWULEXWHWRGHVRUSWLRQEHORZ.EHKDYHDVG\QDPLFDOUHWHQWLRQXQGHUWKHORQJSXOVH+H
GLVFKDUJHVEHFDXVHWKHZDOOWHPSHUDWXUHLV൑.7KHZHDNO\WUDSSHG+HGHVRUEVTXLFNO\





GHVRUEHG GXH WR QDQRFODFNLQJ 6(0 REVHUYDWLRQ RI KHDWLQJ HIIHFWV RQ WKH VXUIDFH
PRUSKRORJ\LVQHFHVVDU\WRFRQILUPWKHPHFKDQLVP
7RWDOUHWHQWLRQLQWKHLPSXULW\GHSRVLWHGFRXSRQ&,66LVî+HPZKLFKLV
DERXW WZR WLPHV ODUJHU WKDQ WKDW IRU &,66 SODFHG RQ WKH (' DUHD ,QIOXHQFH RI WKH
DGGLWLRQDO LQMHFWLRQRINH9+H LRQV WRî+HPRQWKH7'6VSHFWUXPLV OLWWOH7KLV
PHDQVWKDWWKHUHWHQWLRQRI+HLQWKHGHSRVLWLRQKDVUHDFKHGWKHVDWXUDWLRQ,WLVOLNHO\WKDW+H




 . LV î +HP ZKLFK LV DERXW  WLPHV ODUJHU WKDQ WKDW RI WKH (' DUHD FRXSRQ
&,667KHVHUHVXOWVLQGLFDWHWKDWWKLFNGHSRVLWLRQOD\HUVSOD\DQLPSRUWDQWSDUWLQWKH




3ODVPDLQGXFHG VXUIDFH PRGLILFDWLRQ RI /66 DQG LWV HIIHFWV RQ WKH UHWHQWLRQ DQG





GHVRUSWLRQ RI +H ZHUH H[DPLQHG E\ H[SRVLQJ PDQ\ /66 DQG: FRXSRQV WR WKH /+'
SODVPDDW WKH LQQHUSODVPDIDFLQJZDOO RI/+'7KH VXUIDFHPRGLILFDWLRQ FDQEH FODVVLILHG
LQWRWZRW\SHVDVIROORZVHURVLRQGRPLQDQWDUHDDQGGHSRVLWLRQGRPLQDQWDUHD,QWKH
HURVLRQ GRPLQDQW DUHD VXEVXUIDFH OD\HU RI FRXSRQ DERXW  QP LQ WKLFNQHVV LV GDPDJHG
KHDYLO\ E\+H ERPEDUGPHQW XQGHU+H GLVFKDUJH H[SHULPHQWV DQG JORZ GLVFKDUJH FOHDQLQJ



























































3W QDQRSDUWLFOHV VSXWWHUGHSRVLWHG RQ Į$O2 VXSSRUW ZHUH LQYHVWLJDWHG E\ )(6(0
PHDVXUHPHQWVDQG&2FKHPLVRUSWLRQVWXGLHV  3WQDQRSDUWLFOHVIRUPHGLQWKHHDUO\VWDJHVRI
VSXWWHU GHSRVLWLRQZHUHZHOO LVRODWHG DQG WKH SDUWLFOH VL]H GLVWULEXWLRQ RI 3W QDQRSDUWLFOHV
HYDOXDWHG E\ )(6(0 PHDVXUHPHQWV ZDV QDUURZ  /RQJHU VSXWWHU GHSRVLWLRQ UHVXOWHG LQ








WR WKH FRQYHQWLRQDO ³ZHW´ LPSUHJQDWLRQ PHWKRG  )RU H[DPSOH GU\ SURFHVVHV HQDEOH
HIILFLHQW ZDVWH KDQGOLQJ ZKLFK UHGXFHV WKH ZDVWH UHOHDVHG WR WKH HQYLURQPHQW  )XUWKHU
VSXWWHU GHSRVLWLRQ IURP D VRXUFH WDUJHW DOORZV WKH GHSRVLWLRQ RI GHVLUHG FRPSRQHQWV RQ D
VXEVWUDWH ZLWKRXW LPSXULWLHV  $QRWKHU DGYDQWDJH RI XVLQJ VSXWWHU GHSRVLWLRQ IRU FDWDO\VW
SUHSDUDWLRQLVWKDWWKHQDQRSDUWLFOHVDUHIRUPHGLQDSSURSULDWHFRQGLWLRQV>@  7RDFKLHYH
WKHVH SULQFLSDO EHQHILWV QRYHO VSXWWHU GHSRVLWLRQ V\VWHPV IRU WKUHHGLPHQVLRQDO VXUIDFHV RI
SRZGHU VXEVWUDWHV UDWKHU WKDQ IRU FRQYHQWLRQDO WZRGLPHQVLRQDO IODW VXUIDFHV KDYH EHHQ
GHYHORSHGE\VHYHUDOUHVHDUFKJURXSV>@  $X>@92[>@3W5XDOOR\>@
DQG 5X >@ ZHUH FKRVHQ DV DFWLYH VSHFLHV DQG WKH FDWDO\VWV REWDLQHG KDG FHUWDLQ LQWULQVLF
SURSHUWLHV UHVXOWLQJ IURPWKHGU\ LPSUHJQDWLRQPHWKRG  )RUH[DPSOH9HLWKHWDO UHSRUWHG
WKDW$X7L2REWDLQHGE\GFPDJQHWURQVSXWWHULQJZDVVWUXFWXUDOO\VWDEOHZKHQKHDWHGWR
&LQDLUZKHUHDVWKDWREWDLQHGE\WKHZHWPHWKRGZDVHDVLO\GHDFWLYDWHG>@ 
 $PRQJ WKHVHSXEOLFDWLRQV >@ WKHUPDO WUHDWPHQWRI VSXWWHUGHSRVLWHGQDQRSDUWLFOHV
ZDVXVHG WRFRQWURO WKHSDUWLFOHGLDPHWHUDOWKRXJKRWKHU UHVHDUFK LQGLFDWHV WKDWDSSURSULDWH
FRQGLWLRQVIRUVSXWWHUGHSRVLWLRQDOORZVWKHFRQWURORIWKHSDUWLFOHGLDPHWHURIQDQRSDUWLFOHV
>@  +HUH ZH KDYH LQYHVWLJDWHG WKH JURZWK RI 3W QDQRSDUWLFOHV RQ $O2 SRZGHU
VXEVWUDWHVDVDIXQFWLRQRIWKHGXUDWLRQRIVSXWWHUGHSRVLWLRQ  &KDQJHLQWKHPRUSKRORJ\RI







 7KH FDWDO\VW VXSSRUW Į$O2 ZDV NLQGO\ VXSSOLHG E\ 6XPLWRPR&KHPLFDO &R /WG
7RN\R $$ VXUIDFH DUHD í PJ LQ FDWDORJ  7KLV ZDV XVHG DIWHU EHLQJ GULHG
RYHUQLJKWLQDQRYHQDW&  7KHPHWDOSODWHVîPPXVHGDVDVSXWWHULQJWDUJHW
ZHUH3WSXULW\  
 6SXWWHUGHSRVLWLRQZDVFRQGXFWHGE\XVLQJDEDUUHOVSXWWHULQJV\VWHP>@  7R
WKH KH[DJRQDO EDUUHO  J RI SRZGHU\ Į$O2 ZDV ORDGHG LQ WKLV VWXG\  $ YDFXXP
FKDPEHU HTXLSSHGZLWK WKH KH[DJRQDO EDUUHO DQG SRZGHU VXEVWUDWHZDV HYDFXDWHG WR î
 3D  +LJK SXULW\ DUJRQ JDV   ZDV JUDGXDOO\ LQWURGXFHG WR WKH HYDFXDWHG
FKDPEHUXS WR3DDQGWKLVSUHVVXUHZDVPDLQWDLQHGGXULQJ WKHVSXWWHUGHSRVLWLRQ  5)
 0+] PDJQHWURQ VSXWWHULQJ ZDV SHUIRUPHG ZLWK DQ 5) SRZHU RI  : IRU DQ




 &KDUDFWHUL]DWLRQ RI WKH REWDLQHG VDPSOHV ZDV FDUULHG RXW E\ XVLQJ ;UD\ GLIIUDFWLRQ
;5'3KLOLSV3:LQGXFWLYHFRXSOLQJSODVPDDQDO\VLV,&33HUNLQ(OPHU2SWLPD
;/ DQG ILHOG HPLVVLRQ VFDQQLQJ HOHFWURQPLFURVFRS\ )(6(0 -(2/ -60) 




ZLWKDTXDUW] UHDFWRU PPLQQHUGLDPHWHU  7KH3W$O2 W\SLFDOO\ ORDGHGDW±J
ZDVKHDWHGWR&DWDUDPSUDWHRI&PLQXQGHU+HIORZ  $WWKLVWHPSHUDWXUHIOXLG
JDV ZDV FKDQJHG WR D PL[WXUH RI +   DQG +H EDODQFH DQG WKLV WHPSHUDWXUH ZDV
⏣ཱྀ࣭᫂ᑿᓮᬛᘯ 
 
PDLQWDLQHGIRUDGGLWLRQDOK  $IWHUSXUJLQJWKHJDV WR+H WKHFDWDO\VW LQ WKHUHDFWRUZDV
FRROHG WR URRP WHPSHUDWXUH  7KHQ WKHFDWDO\VWEHGZDVFRROHG WR & LQDQ LFHEDWKDQG
PDLQWDLQHG IRU  K  $Q DSSURSULDWH DPRXQW PO RI PL[HG JDV RI &2  DQG+H
EDODQFHZDVWKHQLQMHFWHGLQWRWKHFDWDO\VWLQWKHUHDFWRUDQGWKHFRQFHQWUDWLRQRI&2LQWKH
RXWIORZZDVGHWHFWHGE\D WKHUPDOFRQGXFWLYLW\GHWHFWRU7&'  7KH LQMHFWLRQRI&2ZDV
UHSHDWHGXQWLO WKHDPRXQWRI&2LQ WKHRXWIORZEHFDPHFRQVWDQWZKHUH WKH&2DGVRUSWLRQ
ZDV LQ VDWXUDWLRQ  7KH GLVSHUVLRQ RI 3W KHUHDIWHU GHQRWHG DV '&2 ZDV FDOFXODWHG E\
DVVXPLQJDVWRLFKLRPHWU\RI&23WXVLQJWKHIROORZLQJHTXDWLRQ 
  '&2 QXPEHURI&2PROHFXOHDGVRUEHGQXPEHURI3WDWRPORDGHG 





HYDOXDWHGE\ ,&3PHDVXUHPHQWV  7KHYDOXHVZHUH IRXQG WREH
DQGZWUHVSHFWLYHO\DVOLVWHGLQ7DEOH  $OLQHDUFRUUHODWLRQEHWZHHQWKHGXUDWLRQ
RIVSXWWHUGHSRVLWLRQDQGWKHDPRXQWRI3WZDVREVHUYHGZKLFKDJUHHGZLWKSUHYLRXVUHSRUWV
>@  +HUHDIWHUVDPSOHVDUHGHQRWHGDV3WxZKHUHxUHSUHVHQWVWKH3WGHSRVLWLRQDPRXQW 
























3W    u  
3W    u  
3W    u  
3W    u  
3W    u  
3Wࢼࣀ⢏Ꮚࡢ⢏Ꮚᡂ㛗࡜ &2྾╔
 
7KH FRORU RI WKH VDPSOH ZDV FKDQJHG IURP ZKLWH WR JUD\ E\ 3W GHSRVLWLRQ DQG EHFDPH
FRQWLQXRXVO\GDUNHUZLWK WKH LQFUHDVHRI3WGHSRVLWLRQ  ;5'PHDVXUHPHQWZDVDWWHPSWHG
EXW GLIIUDFWLRQ VLJQDOV IURP PHWDOOLF 3W ZHUH QRW REVHUYHG HYHQ LQ WKH VDPSOH 3W
EHFDXVHWKHPRVWRIWKHGLIIUDFWLRQOLQHVIURPWKH3WZHUHRYHUODSSHGE\WKRVHIURPĮ$O2  
 )LJVKRZVWKH)(6(0LPDJHVRIXQVXSSRUWHG$O2DQG3W$O2  7KHVXUIDFHRI
WKH XQVXSSRUWHG$O2 LV VPRRWK )LJ  $  $ WHUUDFHOLNH VWUXFWXUH VHHQ LQ WKH XSSHU
ULJKW FRUQHU LV DQ DGKHUHG IUDJPHQW RI $O2 WKDW ZDV XVHG IRU IRFXVLQJ  7KH )(6(0
LPDJH RI 3W LV VKRZQ LQ )LJ  % ZKHUH 3W QDQRSDUWLFOHV ZLWK FLUFXODU VKDSH DUH
REVHUYHG LQ WKH HQWLUH VXUIDFH RI WKH 3W$O2  ,W ZDV DOVR IRXQG WKDW WKH LQGLYLGXDO 3W
QDQRSDUWLFOHV ZHUH LVRODWHG RQ WKH $O2 VXUIDFH  7KH GLVWULEXWLRQ RI WKH GLDPHWHU RI 3W
QDQRSDUWLFOHVZKLFKZDVREWDLQHGIURPPRUHWKDQQDQRSDUWLFOHVLVRYHUODLGLQ)LJ% 
)LJ   )(6(0 LPDJHV RI WKH VXUIDFH RI WKH XQPRGLILHG DQG 3WPRGLILHG VDPSOHV  $ XQPRGLILHG




7KHSDUWLFOH GLDPHWHUV UDQJHG IURP WR  QP DQG DERXW RI WKH3W QDQRSDUWLFOHV
ZHUH LQ WKH UDQJH RI ± QP  7KH PHDQ GLDPHWHU REWDLQHG IURP WKH SHDN LQ WKH
*UDP&KDUOLHU ILWWLQJ IXQFWLRQ 2ULJLQ  VRIWZDUH 2ULJLQ/DE &R 0$ 86$ ZDV
FDOFXODWHGWREHDERXWQP7DEOH  7KHVHILQGLQJVLQGLFDWHDJRRGXQLIRUPLW\RIWKH3W
QDQRSDUWLFOHVRQWKHSRZGHUVXEVWUDWHSUHSDUHGE\WKHEDUUHOVSXWWHULQJWHFKQLTXH  
 ,Q 3W DV VKRZQ LQ )LJ  & WKH PHDQ GLDPHWHU RI 3W QDQRSDUWLFOHV ZDV
GHWHUPLQHGWREHQPZKLFKZDVODUJHUWKDQWKDWRI3W  ,WZDVDOVRIRXQGWKDWWKH
SDUWLFOHVL]HGLVWULEXWLRQEHFDPHZLGHU±QPWKDQ3W  7KLVLQGLFDWHVDJURZWK
RI 3W QDQRSDUWLFOHV ZLWK DQ LQFUHDVH LQ WKH GXUDWLRQ RI VSXWWHU GHSRVLWLRQ  +RZHYHU LW
VKRXOG EH QRWHG WKDW HDFK QDQRSDUWLFOH VWLOOPDLQWDLQHG D FLUFXODU VKDSH DQGZDV LVRODWHG 
2QHLQWHUHVWLQJIHDWXUHLQGU\LPSUHJQDWLRQHVSHFLDOO\LQWKHEDUUHOVSXWWHULQJPHWKRGLVWKDW
WKH 3W QDQRSDUWLFOHV IRUPHG ZHUH IUHH RI IDFHWV >@  7KLV LV FRQVLVWHQW ZLWK GDWD IURP
W\SLFDO WZRGLPHQVLRQDO VSXWWHUGHSRVLWLRQ XVHG IRU HSLWD[LDO ILOP JURZWK >@  )RU
H[DPSOH=KDRDQG:RQJUHSRUWHG WKDW3WGHSRVLWHGRQD6U7L2VXEVWUDWHXQGHUKLJK




LQ VL]HZLWK WKH UHVXOW WKDW VRPHRI WKHQHDUQHLJKERUVFDPH LQWRFRQWDFW WR IRUP LUUHJXODU
OHQJWKV DQG VKDSHV  7KLV UHVXOWHG LQ WKH VKLIWLQJ DQG WKH ZLGHQLQJ WKH SDUWLFOH VL]H
GLVWULEXWLRQ±QPZKLFKZDVREWDLQHGLQWKHHOHPHQWDU\QDQRSDUWLFOHVDVFRPSDUHG
WR 3W  7KH PHDQ GLDPHWHU RI WKH 3W QDQRSDUWLFOHV ZDV  QP  7KHVH ILQGLQJV
VXSSRUWWRVWDUW WKHWUDQVLWLRQRI3WIURPQDQRSDUWLFOHV WRILOP  %\ORQJVSXWWHUGHSRVLWLRQ




KRZHYHU )(6(0 REVHUYDWLRQ UHYHDOHG WKDW WKH FRDOHVFHQW SDUWLFOHV LQ WKH ZRUPOLNH
VWUXFWXUHFRQVLVWHGRIVHYHUDOGLVWLQFWHOHPHQWDU\QDQRSDUWLFOHVDVVHHQ LQ)LJ (  7KH
PHDQGLDPHWHURI VXFKHOHPHQWDU\QDQRSDUWLFOHVZDVHVWLPDWHG WREHQP  ,QDGGLWLRQ












DOVR SORWWHG LQ )LJ   +HUH 'FDO LV
FDOFXODWHG IRU D KHPLVSKHULFDO FU\VWDOOLWH RI
3W SDUWLFOH DV IROORZV  )URP WKH XQLW FHOO
SDUDPHWHURIPHWDOOLF3W-&3'6a
   QP WKH YDOXH RI 3W DWRPLF
GLDPHWHU WKH QXPEHU RI 3W DWRPV SHU XQLW
DUHD LQ D FORVHGSDFNHG SODQH DQG WKDW SHU
XQLW YROXPH LQ D FORVHGSDFNHG ODWWLFH IFF
ZHUHIRXQGWREHQPDWRPVQP
DQG  DWRPVQP UHVSHFWLYHO\  7KH
)LJ  &KDQJHLQWKHGLVSHUVLRQRI3WQDQRSDUWLFOHV
DV D IXQFWLRQ RI SDUWLFOH GLDPHWHU  Ɣ YDOXHV







 3WVXUIDFH   ʌG
î
 3WSDUWLFOH   ʌG
î
+HUH G UHSUHVHQWV WKH GLDPHWHU RI WKH 3W QDQRSDUWLFOH  7KXV 'FDO FDQ EH H[SUHVVHG DV
IROORZV 
 'FDO  3WVXUIDFH3WSDUWLFOH
)RUSDUWLFOHGLDPHWHUVVPDOOHU WKDQDERXWQP)LJ LW LV IRXQG WKDW WKHYDOXHRI'&2
DJUHHV ZHOO ZLWK WKDW RI 'FDO 7KLV PHDQV WKDW WKH UHVXOWV IURP )(6(0 REVHUYDWLRQ
DSSURSULDWHO\ FDSWXUH WKH 3W GLVSHUVLRQ  2Q WKH RWKHU KDQG WKH YDOXH RI '&2 EHFRPHV
VPDOOHU WKDQ WKDW RI 'FDO:KHQ SDUWLFOH GLDPHWHUV DUH JUHDWHU WKDQ DERXW  QP )LJ  
7KH GLYHUJHQFH LQ WKH FDVH RI ODUJH SDUWLFOHV LVPDLQO\ DWWULEXWHG WR FRDOHVFHQFHV RI WKH3W








 WR  QP ZHUH REVHUYHG E\ )(6(0 PHDVXUHPHQWV RI D VDPSOH RI UHODWLYHO\ VKRUW





PHWKRGFDQIDEULFDWHLVRODWHG3WQDQRSDUWLFOHV  )XUWKHU LWVXJJHVWVWKDW WKHGLVSHUVLRQZDV
DSSURSULDWHO\HVWLPDWHGRQWKHEDVLVRI)(6(0PHDVXUHPHQWVZKHQWKHQDQRSDUWLFOHVZHUH
ZHOO LVRODWHG  0RUHRYHU ORQJHU VSXWWHUGHSRVLWLRQ OHG WR JURZWK DQG FRDOHVFHQFH RI 3W









>@  )+.DDW]*0&KRZ$6(GHOVWHLQ-0DWHU5HV 




























































DQG WKH UHVLGXDO ZDWHU ZHUH PHDVXUHG E\ DQ DWRPLF DEVRUSWLRQ VSHFWURPHWU\ DIWHU D JLYHQ WLPH 7KH
WHPSHUDWXUHRIWKHFRROLQJIOXLGIORZHGWKURXJKWKHSLSHZDVUHJXODWHGEHORZ.XVLQJDFRQYHQWLRQDO
FRROLQJGHYLFH7KHFHVLXPFRQFHQWUDWLRQ LQ WKHIRUPHG LFHZDVIRXQG WREHPRUHWLPHV ORZHU WKDQ
WKDW LQ WKH LQLWLDO VLPXODWHG ZDVWH ZDWHU 7KH VDPH UHVXOWV ZHUH REWDLQHG IRU ZDVWH ZDWHU ZLWK DGGHG























୺せ࡞ 5, ࡜ࡋ࡚ࡣ㸪+㸪1L㸪6U㸪<㸪5X㸪5K㸪6E㸪P7H㸪&V㸪P%D ࡞࡝࡛
࠶ࡿ>@ࠋࡇࡢởᰁỈࡣἲᚊ࡛ᐃࡵࡽࢀࡓ⃰ᗘ㸦⃰ᗘ㝈ᗘ㸧ࢆ㉸࠼ࡿ 5, ࢆྵࡴࡓࡵ㸪ᑡ࡞ࡃ
࡜ࡶởᰁỈ୰ࡢྛ 5, ࡢ⃰ᗘࢆ⃰ᗘ㝈ᗘ௨ୗ࡟ࡲ࡛㝖ཤࡍࡿࡇ࡜ࡀせồࡉࢀࡿࠋ࡞࠾ࠊྛ 5,
























































)LJ  3KRWR RI WKH H[SHULPHQWDO
DSSDUDWXV








































































⁐ᾮࡢࢭࢩ࣒࢘⃰ᗘࡣ  ZW SSP࡛㸪෾⤖ᚋࡢᮍ෾⤖
ᾮࡣ  ZW SSP࡟⃰⦰ࡉࢀ࡚࠸ࡓࠋࡲࡓ㸪ị୰ࡢࢭࢩ












Fig. 4 ([DPSOHRI WKHLFHSURGXFHG
LQWKHIUHH]LQJYHVVHO5XQ1R 
Table 1. Typical example of freezing tests for contaminated water containing 
non-radioactive cesium. 
LQLWLDOOLTXLG QRQIUHH]LQJOLT LFH
 R&       
 R&       
 R&       











































ࢆ୚࠼ࡿࡇ࡜࡟ࡼࡾ DFࢆ ௨ୖ࡟ࡍࡿࡇ࡜ࡀྍ⬟࡛࠶ࡿࠋ࡞࠾㸪ᅇ┠ࡢヨ㦂࡛ DFࡢ
್ࡀపࡃ࡞ࡗࡓࡢࡣ〇ị୰࡟ịࡢ᭱ୖ㒊࡟⃰⦰ࡋࡓᶍᨃởᰁỈࡢ୍㒊ࡀὶࢀ㎸ࢇࡔࡇ࡜࡟ࡼ




























































 ヨ㦂⤖ᯝࡢ୍౛ࢆ 7DEOH࡟♧ࡍࠋị୰ࡢ &V⃰ᗘࡣ㸪෾⤖ࡀ⤊ࢃࡾᮍ෾⤖ᾮࢆᅇ཰ࡋࡓ
ࡢࡕ㸪ῶᐜ໬ヨ㦂ᐜჾෆ࡛ịࢆ⼥ゎࡉࡏ࡚㸪⼥ゎᾮࢆศูᅇ཰ࡋࡓࡶࡢࢆ ᐃࡋࡓࠋ⼥ゎᾮ








᪉ྥ࡟ྥ࠿ࡗ࡚ DF ್ࡣ  ࠿
ࡽ  ࡬࡜኱ࡁࡃ࡞ࡿࡇ࡜ࡀ▱
7DEOH([DPLQDWLRQ UHVXOW IRU WKH FRQWDPLQDWHGZDWHUXVHG
UDGLRDFWLYHFHVLXP&V
LQLWLDOZDWHU     
QRQIUHH]LQJZDWHU     
PROWHQLFH     
PROWHQLFH     
PROWHQLFH     
PROWHQLFH     

























ࡢᐇ㦂␒ྕ 㹼ࡣ <ࡲࡓࡣ 6U༢⊂࡛ࡢヨ㦂⤖ᯝ࡛࠶ࡾ㸪ࡣ ࡛ᚓࡽࢀࡓịࢆ⼥
࠿ࡋ㸪ࡇࢀࢆ෌ᗘ෾⤖ࡋࡓ㝿ࡢ⤖ᯝ࡛࠶ࡿࠋ㸨༳ࢆ௜ࡅࡓ DF ࡢ್ࡣ  ᅇࡢ෾⤖࡛ᚓࡽࢀࡓ
㝖ᰁಀᩘࢆ♧ࡍࠋ
 7DEOH࠿ࡽศ࠿ࡿࡼ࠺࡟ 6Uᡈ࠸ࡣ<ࡢࡳࢆྵࡴᶍᨃởᰁỈ࡛ࡶ &V༢⊂ࡢሙྜ࡜ྠࣞ࣋ࣝ
ࡢ㝖ᰁಀᩘࡀᚓࡽࢀࡓࠋࡲࡓ㸪 ࡜  ࡛ࡢヨ㦂⤖ᯝࡀ♧ࡍࡼ࠺࡟㸪 ᅇࡢ㐃⥆ࡋࡓ &V
Ỉ⁐ᾮࡢ෾⤖࡟ࡼࡾ㝖ᰁಀᩘࡣ⣙  ㏆ࡃࡲ࡛㐩ࡋ㸪ᮏἲࡢ᭷ຠᛶࡀ☜ㄆࡉࢀࡓࠋ᭦࡟㸪








⣧≀ᡂศ࡛࠶ࡿ 1D&O ࡢᙳ㡪࡟ࡘ࠸᳨࡚ウࢆ⾜ࡗࡓࠋࢭࢩ࣒࢘ࡢึ⃰ᗘࡣẖᅇ⣙  ZW SSP
࡜ࡋࡓࠋ)LJࡣࢭࢩ࣒࢘ࡢ㝖ᰁಀᩘ࡟ᑐࡍࡿ 1D&Oࡢ⃰ᗘ౫Ꮡᛶࢆ♧ࡍࠋᅗࡼࡾ᫂ࡽ࠿࡞ࡼ
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Fig. 9 Photos of ice formed for various concentration of
NaCl. 
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)LJ  (IIHFW RI WKH FRQFHQWUDWLRQ RI1D&O
IRUGHFRQWDPLQDWLRQIDFWRURIVRGLXP 







































































Fig. 10 Photos of ices formed in the contaminated 












   1HZ<RUN
>@Ỉ㔝ᝆ⣖Ꮚ㸪㯮ᒾ኱ຓࠕ$XWRUDGLRJUDSK\࡛ほᐹࡋࡓịࡢ୰ࡢ୙⣧≀ࡢ೫ᯒ 㸪ࠖప ⛉Ꮫ㸪



























 ,Q OLTXLG VFLQWLOODWLRQ FRXQWLQJ TXHQFKLQJ FRUUHFWLRQ RI WKH VDPSOH LV LQGLVSHQVDEOH IRU
PHDVXULQJ UDGLRDFWLYLW\ 7KH FKHPLFDO TXHQFKLQJ LV FRUUHFWHG E\ D TXHQFKLQJ FRUUHFWLRQ
ཎṇ᠇࣭୰㔝ྐ࣭⳯㜿㒊ಙ௓࣭୰ᒣ ᑗே 
 
FXUYHREWDLQHGZLWK D TXHQFKHG VWDQGDUG VHW ,Q WKLVZRUN WKH DSSOLFDELOLW\ RI D TXHQFKHG
VWDQGDUG VHW WR YDULRXV FKHPLFDO VXEVWDQFHV ZDV VWXGLHG XVLQJ DQJOH GLVWULEXWLRQV LQ '
VFLQWLOODWLRQ VSHFWUD 7KH TXHQFKLQJ GHSHQGHQFH RI WKH DQJOH GLVWULEXWLRQV PHDVXUHG IURP
















































(6&5್࡜ࡋ࡚࠸ࡿࠋࡇࡢ (6&5್ࡣ $/2.$♫〇ࡢᕷ㈍ࡢ /6&࡟ࡼࡿホ౯࡜ྠࡌᡭ








Table 1. Specification of samples 
Sample 
ID Reagent as quencher Scintilator /g Quencher /g 
A1 Water 14.623 ---- 
A2 Water 13.633 1.005 
A3 Water 12.663 1.999 
A4 Water 11.690 2.981 
A5 Water 10.696 3.997 
A6 Water  9.724 4.979 
D1 Acetone 14.661 ---- 
D2 Acetone 13.655 0.691 
D3 Acetone 12.720 1.533 
D4 Acetone 11.743 2.366 
D5 Acetone 10.727 3.146 
D6 Acetone  9.754 3.925 
D7 Acetone  8.740 4.612 
D8 Acetone  7.741 5.438 
N1 Nitromethane 14.830 ---- 
N1.2 Nitromethane 14.781 0.027 
N1.3 Nitromethane 14.771 0.049 
N1.4 Nitromethane 14.760 0.085 
N1.5 Nitromethane 14.855 0.113 
N1.6 Nitromethane 14.733 0.131 
N1.7 Nitromethane 14.740 0.147 
N2 Nitromethane 14.670 0.170 
N3 Nitromethane 14.599 0.253 
N4 Nitromethane 14.477 0.340 
N5 Nitromethane 14.374 0.425 




3.1 ࢩࣥࢳ࣮ࣞࢩࣙࣥࢫ࣌ࢡࢺࣝ  
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SODQHU VLOLFRQ VXEVWUDWH $Q 1V SHDN ZDV REVHUYHG DW DURXQG  H9 LQ WKH ;UD\ SKRWRHOHFWURQ
VSHFWURVFRS\VXUYH\VSHFWUXPRI WKH VSXWWHUHGVDPSOH7KLV1VSHDNZDVGHFRQYROXWHG LQWR WZRSHDNV
RQH DW  H9 DVFULEHG WR 3±13 ERQG IRUPDWLRQ DQG WKH RWKHU DW  H9 UHIOHFWLQJ 3±1 3 ERQG
IRUPDWLRQ%DVHGRQ WKHVHGDWD WKH IRUPHGGHSRVLWZDVDVVLJQHG WR/L3217KH LRQFRQGXFWLYLW\RI WKH
SUHSDUHG/L321ZDVHYDOXDWHGE\LPSHGDQFHPHDVXUHPHQWV$VHPLFLUFOHZDVREWDLQHGLQWKH&ROH&ROH
SORW IURPZKLFK WKH LRQ FRQGXFWLYLW\ZDV GHWHUPLQHG WR EH î±6 FP FORVH WR WKRVHRI W\SLFDO
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ᇶᯈ㸦îîPP㸪᪥㕲ఫ㔠ࣇ࢓࢖ࣥࢸࢵࢡ㸧ࢆከゅࣂࣞࣝ࡟ᢞධࡋ㸪┿✵ࢳࣕࣥࣂ࣮ෆ࡟
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ࡣ /L321࡟ྵࡲࢀࡿ 3±13⤖ 㸦ྜࣆ࣮ࢡ఩⨨
H9㸧࡜ 3±1 3 ⤖ྜ㸦 H9㸧࡟ᖐᒓ࡛ࡁࡓ
>@ࠋࡇࡢ⤖ᯝ࠿ࡽ㸪ࢫࣃࢵࢱࣜࣥࢢ࡟ࡼࡾ
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ᘧ㸦㸧࠿ࡽ㸪ㄪ〇ヨᩱࡢ࢖࢜ࣥ㟁ᑟᗘ㸦į㸧ࡣ /L32
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ヨᩱࡢ 1V ࢫ࣌ࢡࢺࣝ࡟ࡣ /L321 ᙧᡂࢆ᫂♧ࡍࡿ
)LJ  , 6XUYH\ VSHFWUD RI $ VSXWWHUHG 6L
SODWH DQG %/L32SRZGHU DQG ,, QDUURZ
1VVSHFWUXPRIWKHVSXWWHUHGVDPSOH











































)LJ &ROH&ROHSORWZLWK D ILWWLQJ FXUYH VROLG
OLQH REWDLQHG IRU /L321 SUHSDUHG E\ WKH
SRO\JRQDO EDUUHOVSXWWHULQJ PHWKRG IUHTXHQF\
UDQJH+]±0+],QVHWVKRZVWKHHTXLYDOHQW
FLUFXLW XVHG IRU GDWD ILWWLQJ REXONRVXUIDFH RKPLF























































































7R XQGHUVWDQG WKH K\GURJHQ DEVRUSWLRQ DQG GHVRUSWLRQ EHKDYLRUV RI 3G XQGHU DLU ZH
SHUIRUPHGUHDO WLPHPHDVXUHPHQWVRI WKHHOHFWULFDOUHVLVWDQFHRI3GXQGHUJDVPL[WXUHZLWK




WKDQ WKDW ZLWKRXW R[\JHQ VXJJHVWLQJ WKDW WKH DGGLWLRQDO GHVRUSWLRQ SDWK LQFOXGLQJ ZDWHU
IRUPDWLRQUHDFWLRQDSSHDUVLQWKHK\GURJHQGHVRUSWLRQSURFHVVLQWKHSUHVHQFHRIR[\JHQ7KH
K\GURJHQFRQFHQWUDWLRQLQ3GDWHTXLOLEULXPGHFUHDVHGZLWKLQFUHDVLQJR[\JHQFRQFHQWUDWLRQ




 9DULRXVK\GURJHQ VHQVLQJ V\VWHPVKDYHEHHQGHYHORSHG IRU DSSOLFDWLRQZLWKLQD IXWXUH
K\GURJHQ HQHUJ\ V\VWHP >@ 3G PHWDO DQG DOOR\V DUH XWLOL]HG LQ VRPH K\GURJHQ VHQVLQJ
V\VWHPVDVDGHWHFWLQJPDWHULDOEHFDXVHWKHDGVRUSWLRQDQGDEVRUSWLRQRIK\GURJHQRQLQ3G
PHWDO DQG DOOR\V GHSHQGV RQ WKH JDV SKDVH K\GURJHQ SDUWLDO SUHVVXUH ,Q DGGLWLRQ WKH 3G
PHWDODQGDOOR\VKDYHDQDGYDQWDJHWRDEVRUEK\GURJHQDWURRPWHPSHUDWXUHLQDWPRVSKHUH 
7KH H[LVWHQFH RI R[\JHQ LQ WKH JDV SKDVH LQIOXHQFHV WKH K\GURJHQ DEVRUSWLRQ DQG





UHJDUGLQJ WKH EHKDYLRU ZLWK 3G DOOR\V0RUHRYHU WKH K\GURJHQ NLQHWLFV ZHUH LQYHVWLJDWHG
WKURXJKJDVSKDVHDQDO\VLVWHFKQLTXHPHDQLQJWKDWFKDQJHVLQWKHK\GURJHQFRQFHQWUDWLRQLQ
3GPHWDODQGDOOR\VZDVRQO\WUDFNHGLQGLUHFWO\>@$VDUHVXOWRIWKHVHLQGLUHFWSUREHVWKH















2.1. Dependence of the electrical resistance on hydrogen concentration in Pd
7R REWDLQ D UHODWLRQVKLS EHWZHHQ WKH K\GURJHQ FRQFHQWUDWLRQ LQ 3G DQG WKH HOHFWULFDO
UHVLVWDQFH WKH HOHFWULFDO UHVLVWDQFH XQGHU D K\GURJHQ JDV HQYLURQPHQW ZDVPHDVXUHG 7KH
PHDVXULQJV\VWHPLVVKRZQVFKHPDWLFDOO\LQ)LJ3GVKHHWPPZLGWKPPOHQJWK
DQG  PP WKLFNQHVV ZDV SXUFKDVHG IURP .RMXQGR &KHPLFDO /DERUDWRU\ &R /WG 7KH
VDPSOHFKDPEHUWRFRQWDLQWKH3GVKHHWZDVDWWDFKHGWRDFRQYHQWLRQDOSUHVVXUHFRPSRVLWLRQ
LVRWKHUP PHDVXUHPHQW V\VWHP 7KH DWRPLF UDWLR RI DEVRUEHG K\GURJHQ LQ WKH 3G VKHHW
GHQRWHG DV >+@>3G@ ZDV HVWLPDWHG E\ WKH YROXPHWULFPHWKRG (OHFWULFDOZLUH OHDGVZHUH
DWWDFKHGWRHDFKHQGRIWKH3GVKHHWDQGWKHHOHFWULFDOUHVLVWDQFHZDVPHDVXUHGFRQWLQXRXVO\
GXULQJ WKH K\GURJHQ DEVRUSWLRQ
SURFHVVXVLQJDQHOHFWULFDOUHVLVWDQFH
PHDVXULQJ LQVWUXPHQW .HLWKOH\
,QVWUXPHQWV ,QF W\SH  7KH
IRXUSUREHGFPHWKRGZDVDSSOLHGWR
PHDVXUHHOHFWULFDOUHVLVWDQFH 
7KH GHSHQGHQFH RI WKH HOHFWULFDO UHVLVWDQFH RQ >+@>3G@ LV VKRZQ LQ )LJ  $W ORZ
>+@>3G@WKHUHVLVWDQFHVWHHSO\LQFUHDVHG$VORSHRIWKHUHVLVWDQFHZDVFKDQJHGDW>+@>3G@ 









Fig. 1 Schematic view of the electrical 




3UHYLRXVO\ REWDLQHG GDWD E\ RWKHU
UHVHDUFKHUV LV DOVR VKRZQ LQ )LJ  >@
$OWKRXJK WKH UHVLVWDQFH PHDVXUHG LQ WKLV
VWXG\ ZDV VOLJKWO\ ODUJHU WKDQ WKRVH
PHDVXUHG E\ RWKHU UHVHDUFKHUV DW KLJKHU
>+@>3G@ YDOXHV WKH UHVLVWDQFH DW >+@>3G@
  ZDV LQ JRRG DJUHHPHQW ZLWK RWKHU
GDWDVHWV 7KLV UHVXOWV PHDQV WKDW WKH
>+@>3G@ YDOXH FDQ EH HVWLPDWHG GLUHFWO\
IURP WKH HOHFWULFDO UHVLVWDQFH RI WKH 3G
VKHHW LQ UHDO WLPH DW >+@>3G@   ,Q JHQHUDO WKH K\GURJHQ VHQVLQJ V\VWHP UHTXLUHV WKH
PHDVXUHPHQW RI K\GURJHQ FRQFHQWUDWLRQ OHVV WKDQ YRO ,Q PHDVXUHPHQWV WDNHQ XQGHU D
IORZLQJ PL[WXUH RI K\GURJHQ QLWURJHQ DQG R[\JHQ JDVHV WKHUHIRUH WKH K\GURJHQ
FRQFHQWUDWLRQLQWKHJDVSKDVHZDVIL[HGWRYROZKLFKLVHTXDOWRN3DRISDUWLDOSUHVVXUH




 7KH V\VWHP XVHG LQ WKLV VWXG\ LV
VFKHPDWLFDOO\ GHSLFWHG LQ )LJ  7KH
V\VWHP FRQVLVWHG RI PL[LQJ JDV
UHJXODWRUV VDPSOH FKDPEHU HOHFWULFDO
UHVLVWDQFH PHDVXUHPHQW LQVWUXPHQW
DQG TXDGUXSROH PDVV VSHFWURPHWHU
406 $ PL[WXUH RI QLWURJHQ DQG
Fig. 2 Dependence of relative electrical 
























Fig. 3 A schematic view of the electrical 
resistance measurement system, usable in real 












R[\JHQJDVHVZDV IORZHGDVDFDUULHUJDVDW WKH UDWHRIFPPLQ7KH IORZUDWHDQG WKH
YROXPH UDWLR EHWZHHQ 1 DQG 2 IRU WKH FDUULHU JDV ZHUH FRQWUROOHG XVLQJ PDVV IORZ
FRQWUROOHUV)XMLNLQ&R/WG)&67/+\GURJHQJDVZDVDGGHGWRWKHFDUULHUJDVDQG
WKH K\GURJHQ JDV FRQFHQWUDWLRQ ZDV DGMXVWHG WR YRO ZKLOH WKH IORZ VSHHG RI WKH WRWDO




NHSWDW.XVLQJD ULEERQKHDWHUFRYHULQJ WKHRXWVLGHRI WKHFKDPEHU7KHPL[WXUHZDV







WHPSHUDWXUH 7KH HOHFWULFDO UHVLVWDQFH LV DOUHDG\ FRQYHUWHG WR >+@>3G@ $IWHU YRO RI
K\GURJHQZDV DGGHG DW t    LQ SXUH1 DV WKH FDUULHU JDV WKH >+@>3G@ EHJDQ WR LQFUHDVH
OLQHDUO\DWV7KHGHOD\WLPHLVGXHWRWKHVXEVWLWXWLRQWLPHRIWKHJDVLQWKHFKDPEHU7KH
>+@>3G@UHDFKHGDFRQVWDQWYDOXHRIDWDERXWVLQGLFDWLQJWKDWWKH>+@>3G@FDPHWR
DQHTXLOLEULXPZLWKK\GURJHQ LQ WKHJDVSKDVH7KHDGGLWLRQRIK\GURJHQ LQ WKHFDUULHUJDV
ZDVVWRSSHGDWV7KH>+@>3G@GHFUHDVHGJUDGXDOO\DQGUHWXUQHGWRDSSUR[LPDWHO\]HUR
DW  V LQGLFDWLQJ WKDW K\GURJHQ GHVRUSWLRQ IURP WKH 3G VKHHWZDV QHDUO\ FRPSOHWHG DW






LQWR WKH FDUULHU JDV DQG UHDFKHG D
VDWXUDWHGYDOXH$IWHUWKHDGGLWLRQRI
K\GURJHQ ZDV VWRSSHG WKH 406
FXUUHQW GHFUHDVHG JUDGXDOO\ DQG
UHWXUQHGWRDQLQLWLDOYDOXHDWV
,W VKRXOG EH QRWHG WKDW WKH WLPH IRU
WKH K\GURJHQ GHVRUSWLRQ HVWLPDWHG
E\ 406 ZDV IDVWHU WKDQ WKDW
HVWLPDWHGE\WKHHOHFWULFDOUHVLVWDQFH
7KH GLVFUHSDQF\ LV SUREDEO\ GXH WR
WKHGLIIHUHQFHVLQWKHGHWHFWLRQOLPLW
IRU HDFK PHDVXUHPHQW QDPHO\ WKH
HOHFWULFDO UHVLVWDQFH PHDVXUHPHQW
FRXOG GHWHFW VPDOOHU FKDQJH LQ
K\GURJHQWKDQWKH406DQDO\VLV 






















Fig. 4 Time dependence on (a) hydrogen 
concentration in Pd and (b) QMS current at m/e 





























,Q WKH VDWXUDWHG >+@>3G@ UHJLRQ WKH K\GURJHQ DWRPV LQ WKH 3G EXON DUH HTXLOLEUDWHG ZLWK
WKRVHRQWKH3GVXUIDFH$VWKHUHVXOWWKHVDWXUDWHGYDOXHRI>+@>3G@GHSHQGHGRQWKHR[\JHQ
FRQFHQWUDWLRQLQWKHJDVSKDVH
7KHK\GURJHQGHVRUSWLRQ UDWH IURP3G LQFUHDVHGZLWK LQFUHDVLQJR[\JHQFRQFHQWUDWLRQ
7KLVLQGLFDWHGWKDWDQDGGLWLRQDOSDWKZD\IRUK\GURJHQGHVRUSWLRQWRWKHJDVSKDVHDSSHDUVLQ
WKH SUHVHQFH RI R[\JHQ ZDWHU PROHFXOHV DUH IRUPHG RQ WKH 3G VXUIDFH ,Q WKH GHVRUSWLRQ




UHGXFHG ZLWK LQFUHDVLQJ R[\JHQ FRQFHQWUDWLRQ PHDQLQJ WKDW D FRQVLGHUDEOH DPRXQW RI
K\GURJHQ ZDV FRQVXPHG WR IRUP+2 ,I +2 IRUPDWLRQ UHDFWLRQ UDWH ZDV FRPSDUDEOH WR
K\GURJHQ DWRP UHFRPELQDWLRQ RQ WKH 3G VXUIDFH DW DPELHQW WHPSHUDWXUH WKH K\GURJHQ






 7KH K\GURJHQ DEVRUSWLRQ DQG GHVRUSWLRQ EHKDYLRU LQ WKH SUHVHQFH RI R[\JHQ ZDV
LQYHVWLJDWHGWKURXJKHOHFWULFDOUHVLVWDQFHPHDVXUHPHQWVRID3GVKHHWLQUHDOWLPH7KHWLPH
GHSHQGHQFH RI WKH K\GURJHQ FRQFHQWUDWLRQ LQ WKH 3G VKHHW ZDV FOHDUO\ REVHUYHG XVLQJ WKH
GHYHORSHGV\VWHP8QGHUWKHH[LVWHQFHRIR[\JHQWKHK\GURJHQFRQFHQWUDWLRQLQWKH3GVKHHW
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